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Fluorescence-emitting molecules continue to play a major role Scheme 1. Synthesis of NIR Macrocyclic Optical Scaffold?
in all facets of chemistry, materials science, and life sciences. With @
the advent of molecular medicine, the challenge for chemists is to 8
develop new photoactive molecules that can probe specific molec- ) it
ular events and inhibit pathophysiological processes. Light in the @ @ . ij(g i
near-infrared (NIR) wavelengths is particularly attractive to study LT A P oon
chemical and biological processes in tissue because its absorption !
and scattering by endogenous biomolecules are minimal and, hence, o . % ’
can penetrate into deep tissues without the accompanying autof- QOF_C_LM_K_T{_T_K_'NH, = CFyE0y loﬁ
luorescence that occurs in the UV/visible wavelengths. L_L

Recent studies have shown that conjugating NIR fluorescent 6 7
compounds to bioactive peptides and proteins is a reliable method 2 (i) Ac,O/TEA, (i) BrC;H4CO:H, (i) CH3COONa, (iv) (a) PyBOP,
to selectively deliver the optical probes to tumors, resulting in the (b) TFA. Compounds' is the protected peptide on resin.
localization and treatment of the target pathologic tissteror protected lysine. The C-terminal lysine residue provides the second
small peptides, the fluorophore is typically attached to the N- amino group for intramolecular cyclization on solid support. The
terminus of the bioactive carrier. Unlike proteins, small peptides choice of8 has a practical implication because the sst receptor is
are highly susceptible to rapid degradation by proteolytic enzymes. up-regulated in a variety of human tum@&r§hus, starting with a
One approach to improve metabolic stability of small peptides and preloaded Fmoc-Lys(Dde)-OH on Rink amide resin, the peptide
to rigidify their low-energy bioactive conformations is to use head- was synthesized on a solid support by a standard procedure. While
to-tail cyclic peptide scaffold%’ the peptide was still on the solid support, simultaneous removal of

Accordingly, we report the first NIR macrocyclic fluorescent the orthogonal Dde and Fmoc protecting groupe-afF1 ande-K9
bioactive peptide scaffold that has great potential for a variety of amino groups and subsequent reaction with the PyBOP preactivated
applications. In a model system, we demonstrate that macrocycli- carboxyl groups o6 gave the desired macrocyclic compourl (
zation of a somatostatin receptor-avid nanopeptide with a bifunc- after cleavage from the resin with TFA (Scheme 1). The spectral
tional NIR carbocyanine optical probe gives a compound that re- properties 0f7 (Amax.abs?92; Amax.em811 NM) were similar to those
tained the high receptor binding affinity of the peptide and the ab- of 5 (Amaxabs 786; Amaxem 811 Nm) in 25% aqueous DMSO.
sorption and fluorescence emission properties of the fluorescentExpectedly, the molar absorptivity of the dys) decreased from
probe. NMR and computational modeling data show that the 2.97 x 10°to 1.1 x 10 cm™ M~1in 7 due to a combination of
macrocyclization did not significantly perturb the established low- macrocyclization and “dye dilution” effects resulting from the
energy conformation of the peptide. addition of the peptide moiety.

A major shortcoming to using NIR carbocyanine fluorescent  To evaluate the effect of incorporating lysine at the C-terminus
probes in research is the difficulty in synthesizing high purity of 8 and subsequent macrocyclization of the peptide, we performed
reactive intermediates in high yields by conventional methods. A the receptor-binding assays of these compounds. Thevilues
review of the literaturéshows thalN-acetylation of glutaconalde-  of 8, K9-octreotate [dF1-cyclo(C2-Y3-dW4-K5-T6-C7)-T8-K9-
hyde is an important step in the synthesis of NIR dyes. This acet- NH,; 6], and the macrocyclic analogue [cyclo cypate-(dF1-cyclo-
ylation is traditionally performed in situ and purification of the final ~ (C2-Y3-dW4-K5-T6-C7)-T8-K9)-NH; 7], which were obtained by
product is very demanding. We observed that pre-acetylating gluta- competition with*'in-DTPA-octreotide, were 0.12, 21.68, and 8.17
conaldehyde X) prior to reaction with activated benzoindolé) ( nM, respectively. This result shows that macrocyclization retained
gives a good yield ¥60%) of the desired bifunctional NIR dye  the receptor binding affinity of the precursor peptilend that
(cypate,5) without the need for HPLC purification (Scheme 1).  the I1G value of 7 is comparable to those of previously reported

To prepare the macrocyclic molecule frdnlysine was incor- linear analogue3A preliminary stability study by HPLC of and
porated at the C-terminus of a cyclic somatostatin (sst) receptor-the linear analogue (cypate-octreotat&) serum after a 24 h
avid octapeptide [dF-cyclo(C2-Y3-dW4-K5-T6-C7)-T8; octreotate; incubation at 37C shows a decrease 6f10% of the macrocyclic
8]. While it is possible to use the-amino group of K5 for the compound and-25% of the linear analogue. This result suggests
cyclization, this amino acid is part of the octapeptide’s pharma- that macrocyclization enhanced the stability of the new construct.
cophore and, hence, we chose to introduce a second amino group Assuming that the bound conformation is selected by a receptor
at the C-terminus by using the readily available orthogonally from the set of low-energy conformers of the peptide in solution,
one can conclude that peptideetained receptor binding affinity

ooy

! nggmgﬂ: gﬁ Eﬁg'rg'lg% because its low-energy conformations are not significantly affected
8 Department of Biochemistry and Molecular Biophysics. by macrocyclization. This conclusion was confirmed by NMR and
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Figure 1. (a) Expansion of NHxH region of 600 MHz NOESY spectra
and (b) sketch of a representative structureg.of

computational modeling data. Proton chemical shifts7ofiere
compared with those & and8. The proton chemical shifts were
assigned by analysis of TOCSY and NOESY spectra. Sequential
assignments were obtained by using the &Hfingerprint region

of the NOESY spectra. All the,fl connections between adjacent

residues were observed and a continuous path indicates the segmelli

from dF1 to T8 or K9 C-terminal residue. Cyclization through
disulfide S-S bond was evidenced by several observed dHH-
NOEs between dF1 and C2 as well as between C7 and T8. Stron
NOE between dFINH and cypate gHnd between K&NH and
cypate CH and cypate-aromatic protons, confirm the dF1-cypate-
K9 linkage in compound/. The presence of severaH;-NH;;,
contacts such as C7-K5, T6-W4, and K5-Y3 suggests a tight
p-reversal conformation of the 20-membered cyclic disulfide
peptide. Furthermore, the observation @fl-oH NOE for the
residues from C2 to C7 indicates the backbone at the cyclic moiety
may deviate from the trans-amide conformation. Of particular
interest is the observation of TENH-W#, T6NH-Y3aH, T6NH-
C20H, and T8NH-T@H NOE cross-peaks, suggesting the disulfide
ring closure causes @reversal of the peptide in vicinity of T6
bringing T8, W4,Y3, and C2 in close proximity. All three peptides
have similar sequential andd;-NH;» NOEs except that the T8NH-
T6aH and C7NH-KstH NOEs were not observed in compound
(Figure 1a). This indicates that an additional K9 residue and the

between nitrogen atoms of 12.3 A (according to model building
employing the readily available SYBYL computational package).
Consequently, we do not expect that all low-energy conformers of
9 are compatible with attachment of the dye, but only those pos-
sessing the suitable distance betweendkemino group of dF1
and thee-amino group of K9. Our calculations did not consider
multiple low-energy conformations for the side chain of K9, but it
is quite reasonable to expect that the option selected by the optimi-
zation procedur@ and energy minimization is, at least, one of the
lowest energy options possessing the highest statistical weight in
solution. Therefore, selection of low-energy conformations with the
aN;—eNg distance in the range of 12 2 A will rather accurately
define the conformers & most suitable for attachment of the dye.
Such a selection yielded 66 conformations satisfying the above
requirement. This new limited ensemble retains most of the features
of the extended one: it has almost the same percentage gf the
reversal-like structures (ca. 77%), and again, all close interproton
distances observed in the NMR experiments can be reproduced by
this limited ensemble as a whole. This is in agreement with experi-
mental finding that the same close interproton contacts are charac-
?ristic of both8 and compounds with the dye attach&yl Several
conformers possessing the most (but not all) individual interproton
distances satisfying the NMR data belong to the same cluster of
eometrically similar structures (rms2 A, C* atoms only). Figure
1b shows a representative structure from that cluster.

One advantage of the macrocyclization approach is the possibility
of constraining the bioactive conformations of linear peptides that
may adopt a more flexible conformation. For example, bioactive
linear bombesin peptide analogues that possess a random coil struc-
ture!? may be forced to adopt a partigtsheet or helical confor-
mation after cyclization. The robust nature of the structural frame-
work of these macrocyclic compounds lends itself to a variety of
applications, including optimizing and monitoring by NIR optical
methods the bioactivity of putative drugs, improving the in vivo
metabolic stability of fluorescent drugs, enhancing receptor recogni-
tion, modifying spectral properties by altering the macrocyclic ring
size, and elucidating the low-energy conformations of small linear
biomolecules that would otherwise be difficult to obtain.
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compact topology with a conformational change appearing only at
the residues near the C-terminus7of

Since the NMR data did not show a strong NOE between the
peptide and the fluorescent probe, the computational modeling was
restricted to the key common element for compou6dsnd 7,
namely, Ac-dF1-cyclo(C2-Y3-dW4-K5-T6-C7)-T8-K9-NH(9).
Energy calculations were performed in general accordance with a
published procedut®(see Supporting Information for detailed des-
cription). The most characteristic feature of the obtained ensemble
of low-energy conformers (206 structures of peptide backbone) is
the distinctf-reversal centered on the dW4-K5 fragment. About

79% of low-energy structures possess that feature as compared to

the six-residugs-reversal template (rms less than 2 A: @&oms
only). None of the individual structures satisfied all the 13 nonse-
quential interproton restraints suggested by NMR measurements.
However, the ensemble of the found low-energy structures as a
whole fully satisfies the NMR restraints, since for every experi-
mentally observed NOE it is possible to find the corresponding
interproton distance in the range under 4.5 A in a number of low-
energy conformers, which comprise from 6% to 52% of the entire
ensemble depending on the particular NOE.

The dye itself is conformationally rigid, since its polyethylene
chain most likely is fixed in allransconfiguration with the distance
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Supporting Information Available: Detailed descriptions of
synthetic, NMR, and computational modeling procedures. This material
is available free of charge via the Internet at http:/pubs.acs.org.

References
(1) Ntziachristos, V.; Tung, C. H.; Bremer, C.; WeisslederNgt. Med.2002
8, 757

(2) Hawrysz, D. J.; Sevick-Muraca, E. NMleoplasia200Q 2, 388.

(3) Achilefu, S.; Dorshow, R. B.; Bugaj, J. E.; RajagopalanirRest. Radiol
200Q 35, 479.

(4) Ballou, B.; Fisher, G. W.; Deng, J. S.; Hakala, T. R.; Srivastava, M.; et
al. Cancer Detect. Pre 1998 22, 251.

(5) Achilefu, S.; Jimenez, H. N.; Dorshow, R. B.; Bugaj, J. E.; Webb, E. G.;
et al.J. Med. Chem2002 45, 2003.

(6) Belvisi, L.; Bernardi, A.; Checchia, A.; Manzoni, L.; Potenza, D.; et al.
Org. Lett.2001, 3, 1001.

(7) Kasher, R.; Oren, D. A.; Barda, Y.; Gilon, G. Mol. Biol. 1999 292,
421

(8) Mujumdar, R. B.; Ernst, L. A.; Mujumdar, S. R.; Lewis, C. J.; Waggoner,
A. S. Bioconjugate Chenil993 4, 105.
(9) Reubi, J. C.; Schar, J. C.; Waser, B.; Wenger, S.; Heppeler, A.; et al.
Eur. J. Nucl. Med200Q 27, 273.
(10) Nikiforovich, G. V.Int. J. Pept. Protein Resl994 44, 513.
(11) Nikiforovich, G. V.; Hruby, V. J.; Prakash, O.; Gehrig, C.Biopolymers
1991, 31, 941.
(12) Carver, JEur. J. Biochem1987, 168, 193.

JA0341860

J. AM. CHEM. SOC. = VOL. 125, NO. 26, 2003 7767



